Abstract. The main objective of the research is to investigate, how the power supply parameters influence the kinetic energy of the movable element, called commonly a projectile or bullet. A calculation and measurement results of transient characteristics for an electrodynamic accelerator with permanent magnet support were presented in the paper. The calculations were made with using field-circuit model, which includes the parameters of the power supply, mass of the bullet and friction phenomenon. Characteristics of energy and muzzle velocity verso supply voltage (50 V to 350 V) and capacitance value (60 mF to 340.5 mF) were determined, as well. A measurement verification of selected points of calculation characteristics were carried out for investigated values of muzzle velocity. A good conformity between calculation and measurement results was obtained. Concluding, presented characteristics of the muzzle velocity and energy of the projectile vs. power supply parameters indicate, that accelerators could be used for fatigue testing of materials.
Introduction
Electrodynamic accelerators (EA), commonly called railguns, are investigated for many years [1, 2] . Mostly these researches were dedicated to military applications [3] [4] [5] . However, in recent years, the application of the accelerators in the material testing becomes more popular [6] . Studies on dynamic defragmentation of planetary materials [7] and hypervelocity material testing [8] by using an accelerator are carried out, especially. The use of accelerators for fatigue testing of materials has many advantages: wide measuring range, high velocity impact tests and the possibility of using a ballistic part with different face geometry. These advantages allow to use accelerators in the material testing in industry, in military and especially in the area related with exploration of the space [9] .
The fatigue testing of materials can also include study of rails and projectile materials which work under extreme conditions. The shape of rails and projectile is also very important and influences the system efficiency significantly [10] [11] [12] [13] .
For fatigue testing of materials, an important aspect is the precise determination of the impact energy over a large range of its changes. The value of the projectile energy depends on its mass and velocity. Through an appropriate choice of the power supply parameters (voltage and capacity) it is possible to control the muzzle velocity. Thus, the prediction of the projectile energy, based on the parameters of the power supply system, mass and geometry of the projectile face, is very important. This can be achieved by appropriately formulated computational model of the accelerator.
In order to increase the efficiency of the railgun there is a need to conduct the experimental work and create a proper calculation model of the system. The appropriate choice of calculation method and variables influencing the work of the whole system is very important for analysis of the device operation [14] [15] [16] [17] . The model could be used, for example, in order to increase the thrust, without increasing the excitation current [18] . The main aim of this study is the prediction of the projectile energy with using the presented calculation model.
Physical model
The analysis was done for the hybrid accelerator with ferromagnetic core and permanent magnets (Fig. 1) . For this solution, the magnetic field has two sources: a current flowing through the circuit and permanent magnets. This type of accelerators allows to increase the value of the magnetic field in the projectile area for the same power supply configuration. For the construction with permanent magnets, it is important to take care about the circuit connections in the power system. There is a possibility of demagnetization of permanent magnets in case of power supply reverse polarity. The blocking diode between the thyristor and the ground of the capacitors bank has been used to prevent capacitor charging in the negative direction.
The 3D visualization of the laboratory stand used in the measurement verification is presented in Fig. 2 . As an energy source a capacitors bank with a total capacity of 340.5 mF and nominal voltage of 250 V was used. 
Calculation model
The calculations have been made with using a field-circuit method. The field parameters, which are magnetic flux density and thrust, have been determined with using finite element method (FEM) in Maxwell software. The voltage boundary conditions were assumed on the rails ends and on the outer boundaries the zero Dirichlet condition was assumed. The nonlinear B-H curve has been included in the model (Fig. 1b) . Maxwell's equations in the following form have been solved:
where:
An exemplary magnetic flux and current distribution is presented in Fig. 3 (U=100 V, z=0.1 m) . The highest value of the magnetic flux is observed in the projectile area (about 5.14 T). The largest value of the current density (Fig. 3b) is observed in the area of the bullet, on the inner edges of the connecting elements (over 3.9 kA/mm 2 ). Using the model, the current and magnetic flux distributions were determined, which are needed to calculate the magnetic flux and Lorentz force. The magnetic flux Φ is calculated with using the integral:
n -unit vector normal to surface S, S -surface limited by the rails and projectile, parallel to the plane YZ (Fig. 3) .
The source of the thrust is a Lorentz force F:
Ωm -volume of the projectile [m 3 ].
In Fig. 4 (U=100 V, z=0.1 m) the volume force density in rails and projectile is presented. The highest value of force density, directed along z-axis, is observed in the area of the projectile. In the case of rails the value of acting force density is lower than in the projectile and is directed along y-axis out of the rails. The circuit parameters (Table 1) have been obtained based on measurements and analytical calculations. The projectile energy increases, as expected, exponentially to the capacitor voltage (Fig. 12) . The For very high energies, not analysed in the experiments, the friction and drag force are playing an important part. Thus, for voltage values higher than 170 V and capacitances higher than 250 mF, the projectile energy increases almost linearly vs. capacitor voltage (Fig. 14) . It means, that the muzzle velocity increases slowly than the voltage (Fig. 15) . 
Conclusions
Concluding, presented characteristics of the muzzle velocity and energy of the projectile vs. power supply parameters indicate, that there is a capability to use accelerators for fatigue testing of materials. However, in order to predict the energy of the projectile, the proper mathematical model has to be formulated. The presented model is quite precise and could be used in prediction of projectile energy. Although, in relatively high energy range, the model should be improved, what will be done in future investigations.
Generally, for relatively low velocities (below 200-300 m/s) the projectile energy increases exponentially vs. voltage and nearly linear vs. capacitance value. For higher velocities, the drag force becomes an important factor. In this case, the energy increases linearly vs. supply voltage.
From Figs. 14 and 15 it is visible, that with using the presented laboratory stand, it is possible to reach energies of almost 800 J. Further optimization of the electrodynamic accelerator construction and supply system should make possible improving of this value.
The increasing demand for fatigue testing of materials in high energy range (e.g. impacts in the space), satisfies the importance of presented investigations.
